Magneto-optical Constants Of Fluoride Optical Crystals And Other Ab2 And A2b Type Compounds by Munin E. et al.
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Measurements of the magneto-optical rotation at visible wavelengths for the optical crystals MgF, , CaF, , SrF, , BaF, and PbF, 
are reported. A pulsed magnetic field between 50 and 80 kG was used. The PbF, crystal was shown to be a good choice for the 
construction of optical isolators operating in the near UV. From the data, the magneto-optic anomaly factor y for each sample 
was calculated and magneto-optic constants reported in the literature for other compounds with the general formulae AB, and 
A,B were compiled. The magneto-optic anomaly factors for these types of materials are analysed in terms of Pauling’s electro- 
negativity. 
The Faraday effect in transparent solid-state materials has 
been extensively investigated over the last decade,’-6 moti- 
vated by the continued development and present use of the 
optical technology. The Faraday effect, a phenomenon which 
manifests as a magnetically induced rotation of the plane of 
the polarization of light propagating through a medium, has 
widespread practical application in the construction of minia- 
ture, fibre-integrated optical isolators for use in optical com- 
munication systems7 and large-aperature optical isolators 
used to cut feedback in oscillator-amplifier chains in table-top 
laser systems.8-11 When an optical isolator is placed inside a 
laser cavity with a ring geometry, a unidirectional photon flux 
will be forced in such a resonator.”.13 The Faraday effect has 
also been used in the construction of magnetic-field 
 sensor^,^^^^ non-contact transducers for the measurement of 
electric current in high-voltage transmission and 
narrow line filters for laser frequency ~tabilization.~.’ More 
recently, a tunable bandpass filter for use in near-infrared 
tunable lasers has been proposed.20 Within the scope of basic 
materials research, the study of magneto-optical rotatory dis- 
persion in semiconductors and insulators has often been used 
to study the nature of the corresponding optical transitions 
and the magnitude of the energy gap between 
In this work we present measurements of the magneto- 
optical rotatory dispersion of AF, type fluoride crystals 
(A = Mg, Ca, Ba, Sr and Pb). Theoretical expressions devel- 
oped on a classical and quantum-mechanical basis by Bos- 
warva et aL21 and Kolodziejczak et aL2* are applied to 
describe the observed spectral behaviour of the rotation and 
to calculate the energy gap for these crystals. From the mea- 
sured Verdet constants we calculate the magneto-optic 
anomaly factor ( y )  for the above fluorides. The published 
magneto-optical constants for other binary compounds of the 
AB, and A,B types are revised and included for completeness. 
The values of the magneto-optic anomaly factor of the fam- 
ilies of compounds considered are analysed on the basis of 
Pauling’s electronegativity scale. The anomaly factor, which 
has values between zero and unity, has usually been qualit- 
atively correlated to the nature of the electronic bonding in 
the r n o l e c u l e ~ . ~ ~  When we plot the values of the y constant 
against the difference of electronegativity between atoms A 
and B in the compounds above, we obtain (to our knowledge) 
the first observed correlation between this constant and a 
basic chemical property of the atoms. 
Theoretical concepts 
Michael Faraday discovered that the plane of polarization of 
the light rotates when transmitted through a sample of 
material subjected to a magnetic field. Although Faraday used 
a piece of glass in his original experiment, magneto-optical 
rotation was subsequently observed in all types of molecules. 
The microscopic origin of such rotation of polarized light is 
the inequality in the refractive index n -  and n, for the left 
and right circularly polarized components into which a lin- 
early polarized light could be resolved. Such an inequality 
arises from the magnetically induced splitting of the ground- 
and/or excited-state energy levels. The Faraday effect is a non- 
reciprocal phenomenon in which the rotation angle 6 depends 
on the wavelength I and on the optical path length I in the 
medium 
When written as a function of the strength of the applied field 
H,  the following relationship holds for the amount of rotation 
e 
where u is a unit vector in the direction of light propagation 
and V is a constant of proportionality known as the Verdet 
constant, which is characteristic of the material. For most 
materials, this constant may be given by the so-called modi- 
fied Becquerel formula, derived from classical principles 
e dn 
2mc d I  
V = y y A -  (3) 
where e and m are the electronic charge and mass, respec- 
tively, and c is the velocity of light. The factor y ,  first intro- 
duced into the Becquerel equation by Darwin and Watson,25 
is referred to as the magneto-optic anomaly factor. 
Rama~eshan ,~  has considered the relationship between this 
anomaly factor and the nature of the electronic bonding in 
certain cubic crystals. He indicated that the y factor would 
have a value close to unity for predominantly ionic bonding 
and a deviation of its value from unity would indicate a 
certain amount of covalent character. Since Ramaseshan’s 
work, there has been little additional study towards a better 
understanding of this factor. In the present study, we make 
use of the principles established by Linus Pauling,26 who gives 
the percentage ionic character of a bond as a function of the 
difference of electronegativity Ax = I zA - zB I of the atoms A 
and B participating in the bond. The greater the difference in 
electronegativity, the greater is the ionic character of the 
bond. 
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tion using a pulsed magnetic field 
Basic experimental setup for measurement of Faraday rota- 
Experimental methods 
The basic experimental setup for the measurement of the 
magneto-optical rotatory dispersion of the fluoride crystal 
samples is shown in Fig. 1. A pulsed magnetic field is produc- 
ed by discharging a 500 pF capacitor bank through an air- 
core solenoid. This solenoid consisted of 140 turns of copper 
wire wound in an eight-layer configuration with an inner 
diameter of 25 mm and a length of ca. 32 mm. The measured 
solenoid inductance was 384 pH, which produced pulses with 
a duration of 1.5 ms at its base. The capacitor bank could be 
charged up to 5000 V. The field produced at the centre of the 
solenoid was approximately 26.5 G V -  I. The measurements 
were performed at room temperature. To prevent heating the 
sample, the system was operated at a slow repetition rate and 
the solenoid was refrigerated by forced air. In addition, the 
sample was mounted such that it was mechanically isolated 
from the magnet, thus avoiding sample vibrations during the 
high-energy discharges. As light sources, we used an Innova- 
70 argon ion laser, manufactured by Coherent Inc. and a 1 
mW, red helium-neon laser from Uniphase. 
We used the null technique for the measurement of the 
magneto-optical rotation. The sample to be measured is 
placed in the centre of the solenoid. The linearly polarized 
laser beam passes sequentially through the sample and 
through an analyser. The temporal evolution of the optical 
signal after the analyser, during the magnetic-field pulse, is 
detected by a silicon photodiode and the corresponding elec- 
trical signal is captured by a digitizing oscilloscope. For a 
given sample, the analyser is shifted from the zero-field null 
position by a certain angle 8 conveniently chosen. The mag- 
netic field required to recover the null position is then deter- 
mined after a sequence of discharges with varying voltage at 
the capacitor bank. Knowing the magnetic-field intensity 
required to rotate the polarization by the preset angle 8, the 
Verdet constant is calculated using eqn. (2). The magnetic field 
at the centre of the solenoid is calibrated at the peak of the 
pulse using a piece of FR-5 glass approximately the same 
length as that of the samples (ca. 1 cm). We adopted a value of 
0.245 min G-’ cm-’ for the Verdet constant of this glass, 
which corresponds to the average of the data reported in the 
literature2’v2* for the He-Ne laser wavelength. 
Results 
We measured the magneto-optical rotatory dispersion of five 
fluoride crystals of the type AF,. These crystals, supplied by 
the Harshaw Chemical Company, Solon, OH, are calcium 
fluoride (CaF,), barium fluoride (BaF,), strontium fluoride 
(SrF,), magnesium fluoride (MgF,) and lead fluoride (PbF,). 
All have a cubic structure except for the magnesium fluoride 
which is a tetragonal crystal. The MgF, crystal had the pol- 
ished faces perpendicular to its optical axis. To minimize mea- 
surement errors which could be introduced by the 
birefringence of this crystal, the laser beam was aligned paral- 
lel to the optical axis using the Maltese-Cross method. This 
method consists of centring, with respect to the laser beam the 
interference pattern which is observed when such a uniaxial 
crystal is placed between crossed polarizers and illuminated 
by a point source emitting non-parallel light rays. In practice, 
such a point source may be simulated by scattering the laser 
light with a thin paper sheet placed close to the entrance face 
of the crystal. All the samples were rod shaped, 5 mm in diam- 
eter and 10 mm in length. The measurements were performed 
with field intensities ranging between 50 and 80 kG. 
Table 1 gives the results of the Verdet constant measure- 
ments for the fluoride crystals at seven laser lines. The crystals 
are listed in increasing order of the Verdet constant. Also 
listed are the values of the magneto-optic anomaly factor y, 
calculated at 632.8 nm using eqn. (3). The optical dispersion 
dn/dA was obtained for each crystal using the refractive-index 
data tabulated by Miles et al.,’ It can be seen from the data 
that the Verdet constant for the lead fluoride crystal is at least 
five times higher than the corresponding values for any of the 
alkaline-earth fluorides. Because of its high Verdet constant 
and good transparency, this crystal may be a good choice for 
the construction of optical isolators in the near UV 23300 nm, 
since competing materials such as paramagnetic terbium 
glasses begin to absorb strongly in this spectral range. Among 
the alkaline-earth fluorides, BaF, has the highest Verdet con- 
stant. Restricting ourselves to those alkaline-earth fluorides 
with cubic crystalline structure, the magneto-optical rotation 
is observed to increase with increasing atomic weight of the 
cation, i.e. in the order: CaF, < SrF, < BaF, . 
Based on a model of a single oscillator having a narrow 
resonance centred at the frequency wo , the spectral depen- 
dence of the Faraday rotation, expressed by the Verdet con- 
stant, is given by3’ 
1 - 2  n.% 
nV =- 
(1 - x2), (4) 
where n is the index of refraction, k is a constant and x = 
w/oo, where w is the frequency of the light. A theory for the 
Table 1 Verdet constant as a function of wavelength for fluoride crystals and y factor calculated for each sample at He-Ne laser wavelengths 
Verdet constant/min G - ’ cm- ’ 
CaF, MgF, SrF, BaF, PbF, 
I/nm 
632.8 0.00775 0.008 10 0.00978 0.01 3 1 0.0653 
0.0204 0.108 514.5 0.0120 
501.7 0.0127 0.01 3 1 0.0158 0.0214 0.115 
496.5 0.01 30 0.0135 0.01 62 0.02 19 0.1 18 
488.0 0.0136 0.0139 0.01 68 0.0228 0.123 
476.5 0.0142 0.0146 0.0178 0.0239 0.131 
457.9 0.01 54 0.0157 0.01 93 0.026 1 0.145 
y factor at 632.8 nm 0.633 0.845 0.783 0.840 0.692 
0.0124 0.0151 
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interband Faraday rotation was developed by Kolodziejczak, 
Lax and Nishina,, using a semiclassical approach. They 
obtained for the case of phononless interband transitions the 
following relationship, hereafter referred to as the KLN 
model : 
n v  = 5 { [(l - X)- l l2  - (1 + x)- I/*] 
X 
(5 )  
where k ,  is a constant independent of the frequency, x = 
E / E , ,  where E = ho, i.e. the incident photon energy, and E ,  is 
the energy gap between the valence and conduction bands. 
There is another theoretical formula for the prediction of the 
interband Faraday rotation derived from a quantum- 
mechanical treatment by Boswarva, Howard and Lidiard 
(BHL).” The result of their calculation for direct interband 
transitions is expressed by 
The two formulae are very similar and both approach 
(1 - x)-’/, when the energy of the incident photons is close to 
the energy gap, i.e. when x -+ 1. Both formulae were observed 
to fit to our experimental data. Their fit to the observed rota- 
tion spectra was carried out by allowing the two adjustable 
parameters E, and k ,  or k ,  to vary. In Fig. 2 we plot the 
product nV against the wavelength for the alkaline-earth fluo- 
ride crystals and in Fig. 3 that for the PbF, crystal. The fitting 
curves obtained using the BHL formula are represented by 
solid lines. Table 2 gives the values for the fitting parameters 
obtained with both the KLN and BHL models. The values of 
the energy gap obtained with the KLN theory are systemati- 
cally higher than those obtained using the BHL expression. 
The observed differences between the E ,  values given by the 
two models ranges from 11 to 15’/0, depending on the sample. 
Such a difference has also been observed in other studies 
reported previously. 3,5 
Fig. 2 
earth fluoride cryst&; solid lines correspond to theoretical curves 
obtained using the BHL model [eqn. (6)] 
l4/ 12 
10 ! I I I I 
450 500 550 600 650 
Ainm 
Fig. 3 Plot of the product nV versus wavelength for the lead fluoride 
crystal, solid line corresponds to the theoretical curve obtained using 
the BHL model [eqn. (6)] 
The value of y for the crystals we measured was observed to 
be nearly constant over the investigated spectral range, 
varying by less than 3% from 632.8 to 457.9 nm throughout, a 
variation which is close to the experimental uncertainties. The 
y values for the fluoride crystals at the He-Ne laser wave- 
length are given in Table 1. For these crystals we found values 
ranging from 0.63 for CaF, to 0.845 for MgF, . 
Magneto-optical constants of materials with the 
general formulae AB2 and A2B 
A better analysis of the magneto-optical constants of the 
materials studied is possible if we consider our results together 
with literature data. For example, Table 3 gives the value of 
the magneto-optic anomaly factor published by Darwin and 
Table 2 
models 
Faraday rotation parameters for BHL and KLN theoretical 
BHL KLN 
crystal EJeV k 2  E,IeV kl 
CaF, 8.3, 0.30, 9.5 1 0.80, 
MgF, 12.2, 0.67, 14.0, 1.7, 
BaF, 8.2, 0.53, 9.4, 1.3, 
SrF, 8.6, 0.42 9.9 1 1.1, 
PbF, 4.7, 0.92, 5.2, 2.2, 
Table 3 Values for the y constant at 589 nm reported in ref. 25 for 
various compounds of the type AB, and A2B 
~ ~~~ 
Y material 
SiO,(quartz) 
H2O 
co2 
cs2 
0.667 
0.68 
0.566 
0.42 
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Table 4 Values of the y factor calculated from published values of the Verdet constant and optical dispersion for various compounds of the type 
AB, and A,B 
material 
V ref. for ref. for optical 
/min G-'  cm-' wavelength/nm Verde t cons tan t dispersion 
TiO, -0.1536 
TiCl, - 0.01 52 
SiO, (fused) 0.01 197 
H2O 0.01 15 
so2 0.5893 
H2S 41.5 x 
589 
589 
632.8 
632.8 
589 
578 
31 
33 
5 
35 
37 
39 
32 
33 
34 
36 
38 
38 
0.408 
0.151 
0.692 
0.771 
0.716 
0.901 
Watson25 for some substances with the general formulae AB, 
and A,B and Table 4 gives the magneto-optic anomaly factor 
for other similar compounds, calculated by us based on 
published data for the Verdet constant and optical dispersion. 
The compiled values together with the experimental data 
obtained in this work for the fluoride crystals are plotted in 
Fig. 4 against the difference of electronegativity Ax = (zA 
- zB), which is a measure of the ionic character of a bond. 
For water, we averaged the values given in Tables 3 and 4, as 
they differ from each other by more than 10%. It is interesting 
to note that the materials which lie on the solid line in Fig. 4 
are those having molecular collinear bonds when in the 
vapour or liquid states. This solid line divides the plot into 
two regions. In the region above the solid line are non-solid, 
polar materials. Underneath the solid line, we observe only 
crystalline materials. The dividing line itself contains materials 
in liquid, gaseous, crystalline and amorphous phases. In the 
region occupied by crystalline materials, we can observe two 
well defined branches. One corresponds to those crystals of 
octahedral structure: MgF, , TiO, and TiCI, , while the other 
contains the three alkaline-earth fluorides of cubic structure 
measured in this work, which depart from the solid line as the 
molecular bond angle observed in the vapour state increases. 
These bond angles, given by Wells,40 are loo" for BaF,, 108" 
for SrF, and 140" for CaF, . 
Cole4' showed that the Verdet constant for a number of 
optical glasses may be correlated to the commonly used Abbe 
number (n,  - l)/(nF - nc) where n,, n, and nF denote the 
refractive index at 587.56, 656.28 and 486.1 3 nm, respectively. 
In a later work, Weber6 plotted the Verdet constant for a 
number of silicate glasses against the partial dispersion (n, 
- nc). He observed a good correlation when fitting the data 
to a straight line. In the present work we attempted to verify 
this relationship for the families of materials studied, but no 
such correlation was evident. We observed that a similar 
correlation could be obtained for compounds other than 
1.0 , I I I 
0 1 2 3 4 
Ax= I x,- x, I 
Fig. 4 Magneto-optic anomaly factor for various substances of the 
type AB, and A,B, plotted as a function of the difference of electro- 
negativity between atoms A and B 
glasses only when we select a group of materials having a 
narrow range of values for the magneto-optic anomaly factor. 
This may be easily understood in the light of eqn. (3). It 
should be expected that such a correlation would be valid 
only within some restricted families of materials, for example, 
a family of glasses with a predominantly silicate composition, 
as in ref. 6. 
Conclusion 
In summary, we measured the Verdet constant as a function 
of the wavelength for five fluoride crystals: BaF,, SrF,, 
CaF,, MgF, and PbF,. The results show that the PbF, 
crystal is a good magneto-optical rotator and could be used in 
optical isolators operating in the near UV. The magneto-optic 
anomaly factor for these crystals was calculated using optical 
dispersion data found in the literature. Data for other sub- 
stances having the general formulae AB, and A,B have been 
compiled and presented. We have shown that there is a corre- 
lation between the magneto-optic anomaly factor and the dif- 
ference of electronegativity between the ions A and B which 
participate in the bond. 
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